Clostridium difficile is a leading cause of health care-associated diarrhea with significant morbidity and mortality, and new options for the treatment of C. difficile-associated diarrhea (CDAD) are needed. Cadazolid is a new oxazolidinone-type antibiotic that is currently in clinical development for treatment of CDAD. Here, we report the in vitro and in vivo antibacterial evaluation of cadazolid against C. difficile. Cadazolid showed potent in vitro activity against C. difficile with a MIC range of 0.125 to 0.5 g/ml, including strains resistant to linezolid and fluoroquinolones. In time-kill kinetics experiments, cadazolid showed a bactericidal effect against C. difficile isolates, with >99.9% killing in 24 h, and was more bactericidal than vancomycin. In contrast to metronidazole and vancomycin, cadazolid strongly inhibited de novo toxin A and B formation in stationary-phase cultures of toxigenic C. difficile. Cadazolid also inhibited C. difficile spore formation substantially at growth-inhibitory concentrations. In the hamster and mouse models for CDAD, cadazolid was active, conferring full protection from diarrhea and death with a potency similar to that of vancomycin. These findings support further investigations of cadazolid for the treatment of CDAD.
C
lostridium difficile infection (CDI), or CDAD for C. difficileassociated diarrhea, is a major health care problem and a leading cause of morbidity and mortality in elderly hospitalized patients (1, 2) . During the past decade, there has been a renewed interest in CDAD triggered by an increase in both frequency and severity of the disease in the Western world and the discovery of new hypervirulent strains (3) (4) (5) (6) , as well as an increased incidence of CDAD in the community (7) . CDAD results from overgrowth of toxin-producing strains in the colon, typically following disturbances of the normal protective enteric flora. Clinical symptoms range from asymptomatic colonization to diarrhea, severe pseudomembranous colitis, sepsis, and death. The main virulence factors of C. difficile are two high-molecular-weight toxins, the enterotoxin toxin A (TcdA) and the cytotoxin toxin B (TcdB), while the contribution of the binary toxin remains unclear (8) . Toxin A and toxin B cause damage to the intestinal epithelial barrier and promote mucosal inflammation. In fact, the main clinical symptoms of CDAD (secretory diarrhea and inflammation of the colonic mucosa) can be explained by the action of toxins A and B (8) . Moreover, C. difficile produces endospores that are resistant to antibiotic treatment and routine disinfection (9) . Spores surviving in the gut of patients and in the hospital environment may play a major role in reinfection and relapse of CDAD. Current antibiotic therapy for CDAD includes vancomycin and metronidazole, which have limited treatment success in severe disease, and high recurrence rates of up to 30% have been observed with these treatments (10) . Only one new antibiotic, fidaxomicin (11, 12) , has been approved in the last 30 years for this indication. In clinical studies, this antibiotic was not inferior to vancomycin in treating acute infections, with less recurrence (12, 13) . However, recurrence rates for fidaxomicin were still high for infections involving the hypervirulent strain NAP1/BI/027 (24% recurrence rate) (13) and for patients treated for an episode of recurrent CDAD (20% recurrence rate) (14) ; thus, there remains a need for new drugs with improved efficacy.
Cadazolid (formerly ACT-179811) is a new oxazolidinonetype antibiotic ( Fig. 1 ) currently in clinical development for CDAD. Cadazolid showed potent in vitro activity against C. difficile clinical isolates (15, 16) and in a human gut model of CDAD, while having only a very limited impact on bacteria of the normal gut microflora (17) . In phase 1 studies, this compound was well tolerated, with a very low systemic exposure resulting in a high concentration in the colon (18) . Recently, phase 2 trials in CDAD showed clinical cure rates similar to those of vancomycin while having lower recurrence rates, resulting in higher sustained-cure rates (19) . In this study, we report the in vitro activity of cadazolid against C. difficile, the bactericidal effect, and the effect on toxin and spore formation as well as the efficacy in the mouse and hamster models of CDAD. Vancomycin was chosen as the main comparator, while other antibiotics were included when appropriate for differentiation. Linezolid and moxifloxacin were included as comparators for in vitro assays because of cadazolid's structural similarity to oxazolidinone and quinolone antibiotics (Fig. 1 Cadazolid (ACT-179811; purity, 98.8%) was synthesized at Actelion Pharmaceuticals Ltd. Other antibiotics were obtained from Sigma-Aldrich.
In vitro antibacterial activity and time-kill assays. MICs were determined following the guidelines of the Clinical and Laboratory Standards Institute (CLSI) using the agar dilution method for testing anaerobes (20) . For time-kill assays, compounds were added to exponentially growing 10-ml cultures (inoculum concentration of 10 6 to 10 7 CFU/ml) in brain heart infusion broth supplemented with yeast extract and L-cysteine (BHIS) (9) . At different time points, samples were retrieved for CFU determination on Brazier's cefoxitin-cycloserine-egg yolk (CCEY) agar plates (LabM) supplemented with 4% egg yolk emulsion (Oxoid), 1% laked horse blood (Oxoid), and 5 g/ml lysozyme (Fluka 62971) after 48 h of incubation at 37°C. The detection limit was 50 CFU/ml. Effects of drug carryover were monitored with undiluted and diluted culture samples spiked with the test drug. No evidence of growth inhibition due to drug carryover effects was observed at the drug concentrations tested.
Effects of cadazolid on toxin production. Experiments to assess the effects of cadazolid and comparator antibiotics on C. difficile toxin formation were done by determination of toxin A and B concentrations in stationary-phase cultures of toxigenic C. difficile (21) (22) (23) . Briefly, cultures were grown in brain heart infusion broth (BHI) until early stationary phase, harvested by centrifugation (10 min, 3,500 rpm), and resuspended with preanaerobized BHI at 50% of the original volume, which corresponded to a final cell density of 5 ϫ 10 7 to 1 ϫ 10 8 CFU/ml. Then antibiotics were added at sub-and supra-MICs (t ϭ 0 h) and further incubated for 24 h at 37°C. Controls with dimethyl sulfoxide (DMSO) (for cadazolid) or H 2 O (for vancomycin) were also included. For determination of toxin concentrations, 1-ml culture samples were centrifuged for 2 to 3 min at 10,000 ϫ g, and then 450 to 500 l supernatant was filter sterilized using Vecta Spin Micro filters (Anopore, Whatman 6830-0201). Appropriate dilutions of culture supernatants were analyzed by enzymelinked immunosorbent assay (ELISA) (Ridascreen Clostridium difficile Toxin A/B; R-Biopharm AG, Darmstadt, Germany) following the manufacturer's instructions. The test detects C. difficile toxins A and B simultaneously, and total toxin concentrations were initially expressed as the optical density at 415 nm (OD 415 ). The total toxin concentration in the supernatant of the untreated control after 24 h of incubation was set as 100%, and the effect of antibiotic treatment was expressed as percent inhibition compared to this control. Purified Clostridium difficile toxin A and toxin B (C3977 and C4102, respectively; Sigma) were used as controls.
Effect on spore formation. In order to investigate the effects of cadazolid and vancomycin on spore formation, antibiotics were added to growing cultures of C. difficile at late exponential growth phase, and ethanol-resistant spore and total viable cell counts were determined for up to 5 days (21, 24) . The antibiotic concentrations chosen were the highest concentrations (MIC fold change) that had no significant impact on C. difficile growth under the test conditions (sub-growth-inhibitory concentrations) and represented 0.5ϫ and 1ϫ the agar dilution MICs. Fourteenmilliliter tubes containing 7 ml BHIS were incubated at 37°C in the anaerobic chamber until an OD 600 of 0.8 was reached (late exponential growth phase). Antibiotics were then added at different concentrations as indicated. Cadazolid was added in DMSO (final DMSO concentration, 0.3% [vol/vol]), vancomycin was added in water, and the control tube received 0.3% (vol/vol) DMSO. Tubes were incubated for up to 5 days at 37°C under anaerobic conditions. Assessment of total viable cells was performed as detailed above. Spore counts were done after selective killing of vegetative cells by treatment with 50% ethanol for 1 h and subsequent CFU count on Brazier's agar (21) .
All in vitro experiments with C. difficile were performed in an anaerobic glove box (Coy Laboratory) in an atmosphere of 85% N 2 -10% CO 2 -5% H 2 using preanaerobized media.
Hamster and mouse model of CDAD. All experiments were performed in agreement with the Swiss Federal Ordinance for animal protection and the animal welfare committee of the Beth Israel Deaconess Medical Center, Harvard Medical School, Boston, MA, USA.
For the hamster model of CDAD, male Golden Syrian hamsters (aged 45 to 70 days; approximately 100 g [range, 98 g to 124 g]) were housed in cages (2 per cage) with free access to chow (Purina 5000) and tap water. Control animals received no clindamycin and were not challenged with C. difficile. All other animals were given a single injection of clindamycin Hamsters were weighed daily and checked three times daily for morbidity and presence or absence of diarrhea (wet tail). Hamsters judged to be in a moribund state (i.e., exhibiting at least one of the following signs: extended period of weight loss progressing to an emaciated state, anorexia for 24 to 48 h, prolonged lethargy [more than 3 days], signs of paralysis, skin erosions or trauma, hunched posture, distended abdomen) were euthanized by a single injection of sodium pentobarbital.
For the C. difficile mouse model, the protocol published by Chen et al. was followed (25) . In brief, 8-to 12-week-old female C57BL/6 mice were kept in individually ventilated cage systems (SlimLine; Tecniplast, Buguggiate, Italy) and given access to water and food ad libitum. To sensitize the mice for C. difficile infections, animals received an antibiotic cocktail containing kanamycin (0.4 mg/ml), gentamicin (0.035 mg/ml), colistin (850 U/ml), metronidazole (0.215 mg/ml), and vancomycin (0.045 mg/ml) in the drinking water for 3 days. Two days after withdrawal of the antibiotic cocktail, mice were treated with clindamycin (10 mg/kg in 10 ml, intraperitoneally [i.p.]). One day after clindamycin application, mice were infected per os (p.o.) with 10 5 CFU of a spore suspension of C. difficile VPI 10463. Cadazolid or vancomycin was administered p.o. once daily for 4 days, starting either 2 or 24 h postinfection (no impact of treatment start on efficacy was observed [data not shown]). Animals (n ϭ 5 to 10 per group) were monitored daily for moribund state and diarrhea during the treatment phase and for up to 18 days postinfection. Mice judged to be in a moribund state (i.e., exhibiting at least two of the following signs: extended period of weight loss progressing to an emaciated state, anorexia for 24 to 48 h, prolonged lethargy [more than 3 days], signs of paralysis, skin erosions or trauma, hunched posture, distended abdomen) were euthanized by CO 2 inhalation, and survival time was recorded. KaplanMeier curves of pooled survival data from multiple studies were compared using the Cox regression (26) and log rank tests. A P value of Ͻ0.05 was considered statistically significant. 
RESULTS
In vitro antibacterial activity against C. difficile. The in vitro activity of cadazolid was tested against 23 strains of C. difficile, including 15 clinical isolates of different ribotype as well as reference strains from the ATCC (Table 1) . To investigate potential cross-resistance, strains resistant to linezolid and/or fluoroquinolones (moxifloxacin) were included. Cadazolid was active against all C. difficile strains tested, with a MIC range of 0.125 to 0.5 g/ml (Table 1 ). MIC 90 s of cadazolid, vancomycin, metronidazole, moxifloxacin, and linezolid were 0.25, 1, 1, 16, and 16 g/ml, respectively. Interestingly, cadazolid MICs were not, or only marginally, increased in the four linezolid-resistant strains and were not affected by resistance to fluoroquinolones such as in the hypervirulent NAP1/BI/027 strain NCTC 13366 ( Table 1 ). The highest MICs for cadazolid (0.5 g/ml) were obtained for the two strains resistant to both linezolid and fluoroquinolones, but the shift was only 2-to 4-fold compared to the most susceptible strains. Overall, cadazolid was 8-to 64-fold more potent than linezolid, Ͼ64-fold more potent than ciprofloxacin, and 8-to Ͼ64-fold more potent than moxifloxacin. Time-kill kinetics. Cadazolid showed a time-dependent bactericidal effect against C. difficile in time-kill experiments (Fig. 2) . A Ն3-log CFU reduction was achieved within 24 h at all concentrations tested (representing 1ϫ to 16ϫ the MIC) for both the ATCC 9689 strain and the hypervirulent and fluoroquinoloneresistant ribotype 027 strain NCTC 13366. While a comparably slower initial killing rate was observed for the 027 strain, the final magnitude of killing after 24 h was similar to that of the ATCC 9689 strain. In contrast, vancomycin tested in parallel at concentrations of 2ϫ to 8ϫ the MIC showed a slower initial rate of killing and did not reach the 3-log CFU reduction endpoint (Fig. 2) .
Effects on C. difficile toxin production. Only toxigenic strains of C. difficile, i.e., strains that produce either both toxins (toxin A and B) or toxin B alone, are able to cause C. difficile-associated disease (8) . It has been hypothesized that reduction of the formation of toxins and other virulence factors would contribute to effective treatment of CDAD (21) . As C. difficile toxins are produced mainly during the late exponential and stationary growth phases, they can be formed in the absence of bacterial growth and replication (22) . Nonreplicating bacteria, on the other hand, are not or only very slowly killed by most antibiotics, especially those targeting replication and cell division. Therefore, in this study, we used high-density stationary-phase cultures to investigate the effects of cadazolid and other antibiotics on C. difficile toxin formation. Cultures of toxigenic C. difficile ATCC 9689 were treated with sub-MIC and supra-MIC antibiotic concentrations for 24 h, and the concentrations of toxins A and B in the culture supernatants were determined by ELISA (Fig. 3) . Cadazolid at concentrations of 1ϫ and 4ϫ the MIC showed a strong inhibition of toxin formation compared to the untreated control, while the viable bacterial count (CFU) was not affected. A substantial inhibition of toxin formation was also observed at 0.06 g/ml, representing 0.25ϫ MIC. In contrast, vancomycin, metronidazole, and moxifloxacin did not show a major effect on toxin formation under these conditions, even when tested at supra-MIC. A trend for an increased toxin formation compared to the control was observed for cultures with sub-MICs of vancoymcin or moxifloxacin. Linezolid, on the other hand, showed an inhibitory effect on toxin formation similar to that of cadazolid when tested at 4ϫ MIC. Since the culture was in a stationary (nonreplicating) phase, none of the tested antibiotics showed significant killing effects as judged by CFU counts (Fig. 3) .
Similar results were obtained in an experiment using stationaryphase cultures of hypervirulent C. difficile strain NCTC 13366 and a cell-based cytotoxicity test to measure toxin concentrations. While cadazolid (and linezolid) inhibited de novo cytotoxin formation nearly completely, vancomycin and metronidazole exhib- ited only marginal effects (see Fig. S1 in the supplemental material). Effects on C. difficile spore formation. In order to investigate the effects on spore formation, cadazolid and vancomycin were added at sub-growth-inhibitory concentrations to cultures of C. difficile at late exponential growth phase, and ethanol-resistant spores and total viable cell counts were scored for up to 5 days. In untreated cultures, spore concentrations increased over time, and after 5 days spores represented the majority of the total viable counts (Fig. 4) . Cadazolid inhibited spore formation markedly at sub-growth-inhibitory concentrations. No new spore formation was observed in the presence of cadazolid at 1ϫ MIC for up to 5 days, while at 0.5ϫ MIC spore formation was strongly inhibited (Fig. 4) . In contrast, vancomycin (tested at 0.5ϫ and 1ϫ MIC) did not inhibit or delay spore formation. Similar results were obtained in a second strain of C. difficile (see Fig. S2 in the supplemental material), where cadazolid strongly inhibited (1ϫ MIC) or delayed (0.5ϫ MIC) spore formation while vancomycin had no effect.
Efficacy in animal models of CDAD. Cadazolid dose dependently prevented mortality and diarrhea when given to presensitized and C. difficile-infected C57BL/6 mice (Fig. 5) . Dose-dependent efficacy was observed during and after treatment time and was reproducible between experiments. In 17 pooled independent experiments, the overall survival rates of mice treated with vehicle or cadazolid at doses of 0.1, 1, and 10 mg/kg were 18, 47, 97, and 100%, respectively, after the treatment period (day 5), while the corresponding values were 12, 40, 92, and 88%, respectively, at day 18 postinfection (Table 2 ). According to Cox proportional hazards regression analysis, cadazolid decreased the risk of death of infected mice during the 18-day monitoring period by 56, 96, and 95%, respectively, indicating a significant sustained treatment effect compared to vehicle-treated mice (P Ͻ 0.001 for all three dose groups). Overall, 0.1 mg/kg cadazolid was significantly less protective than 1 mg/kg and 10 mg/kg (P Ͻ 0.001), while 1 mg/kg was not significantly different from 10 mg/kg (P ϭ 0.7). In three studies, cadazolid was compared to vancomycin side by side, and the pooled overall survival rates were similar at the same doses (Table 2 ). Cadazolid also dose dependently prevented mortality when given to presensitized and C. difficile-infected Golden Syrian hamsters (Table 3) . In three independent studies, both cadazolid and vancomycin prevented diarrhea-related death during the treatment phase (days 1 to 5) at doses of 3 to 300 mg/kg (100% survival), while doses of 0.3 mg/kg and vehicle were not protective (Ͻ20% survival). Survival during posttreatment phase (days 6 to 28) was variable (0 to 100%) for both cadazolid and vancomycin, with poor reproducibility between experiments, and therefore the results were difficult to interpret (Table 3; 
DISCUSSION
The data presented here indicate that cadazolid has potent in vitro activity against C. difficile, including strains resistant or nonsusceptible to linezolid and/or fluoroquinolone, in agreement with other studies involving a higher number of clinical isolates (15, 16) . While cadazolid is also active against other Gram-positive pathogens, including Staphylococcus aureus and enterococci, its activity is comparably weak or not detectable against most Gram-negative bacteria (27) . It is believed that a narrow-spectrum antibiotic with no or limited effect on members of the normal gut flora, notably the Bacteroides group, is an important factor for sustained treatment success against CDAD with less recurrence, as exemplified clinically for fidaxomicin (28) . In an in vitro human gut model using therapeutic doses of cadazolid, the drug had very limited impact on the normal gut microflora, notably sparing the Bacteroides group (17) . However, in the end clinical data will be needed to demonstrate the impact of cadazolid on the gut microbiota. VAN The in vitro bactericidal effect of cadazolid against C. difficile was more pronounced than that of vancomycin. Generally, oxazolidinone antibiotics such as linezolid show only a static effect on most aerobic bacteria; however, bactericidal effects against C. difficile have been observed for linezolid and oxazolidinone derivatives (23) , in agreement with our findings for cadazolid.
Only toxigenic strains of C. difficile, i.e., strains that produce either both toxins (toxin A and B) or toxin B alone are able to cause disease (8) . Therefore, it can be anticipated that inhibition of the formation of toxins and other virulence factors may contribute to effective treatment of CDAD (21) . The data presented in this study indicate that cadazolid and linezolid inhibit toxin formation in nongrowing C. difficile in the absence of bacterial killing, while vancomycin, metronidazole, and moxifloxacin do not. Inhibition of toxin formation in vitro has been reported also for fidaxomicin (29) , for REP3123, a methionyl-tRNA synthetase inhibitor (21) , and for a new investigational biaryl oxazolidinone antibiotic (23) . All of these compounds inhibit bacterial protein synthesis, either indirectly by blocking gene transcription (fidaxomicin) or directly by interfering with translation. In contrast, vancomycin (acting on cell wall synthesis) and metronidazole (interacting with DNA metabolism) were weak inhibitors of C. difficile toxin formation in in vitro assays (21, 23) . Studies addressing the mode of action of cadazolid revealed that it primarily acts as an inhibitor of protein synthesis, while inhibition of DNA synthesis was observed as a weaker additional mode of action as reported in a companion article by Locher et al. (30) . These findings are in agreement with the inhibitory effect of cadazolid on de novo C. difficile toxin formation as well as the potent activity against linezolid-and fluoroquinolone-resistant strains reported here.
Spores surviving in the gut of patients or in the environment may play a major role in reinfection and relapse of CDAD (2, 9) after antibiotic treatment, and it has been speculated that inhibition of spore formation may be beneficial for the treatment of CDAD by potentially reducing the persistence and the spread of the organism (21, 24) . In vitro promotion of spore formation at sub-growth-inhibitory concentrations has been reported for the antibiotics metronidazole and vancomycin (21) . Our data indicate that cadazolid does not promote the formation of spores; on the contrary, it strongly inhibited or delayed spore formation at sub-growth-inhibitory concentrations, while this was not observed for vancomycin. Inhibition of spore formation in vitro has been shown also for fidaxomicin (24) as well as for REP3123 (21) and may be linked to a mode of action leading to inhibition of de novo protein synthesis.
In vitro activity of cadazolid translated well to in vivo efficacy in two independent animal models of CDAD. Remarkably, the potency of cadazolid for prevention of diarrhea and mortality was comparable in the mouse and hamster models. CDAD develops comparably in both models, independently from the somewhat more fatal progression of disease in hamsters than in mice. This is in line with the notion that in both models disease progresses from diarrhea to death and that in both models histopathological changes in cecum and large intestine are comparable (25, (31) (32) (33) (34) . In the hamster model in this study, efficacy during the posttreatment phase was variable between experiments and remained difficult to interpret. This may be due to the low number of experiments and animals assessed. When looking at the posttreatment phase in mice, using a larger number of animals, statistical comparison between cadazolid and vancomycin became possible. There, the sustained treatment success of cadazolid and vancomycin appeared to be comparable. However, the predictive value of animal models for sustained cure in human CDAD remains open. During the development of two of the most recent treatment options against human CDAD, fidaxomicin and surotomycin, the recurrence rates in the hamster model were comparable to those of vancomycin (35, 36 ) and the mouse model was not employed. However, in human trials both compounds presented to be superior in the sustained treatment success compared to vancomycin (12, 13, 36, 37) . The data presented here indicate that cadazolid has promising in vitro and in vivo activity against C. difficile and support further clinical studies.
